C-reactive protein (CRP), a cardiovascular risk marker, induces endothelial dysfunction. We have previously shown that CRP decreases endothelial nitric oxide synthase (eNOS) expression and bioactivity in human aortic endothelial cells (HAECs). In this study, we examined the mechanisms by which CRP decreases eNOS activity in HAECs. To this end, we explored different strategies such as availability of tetrahydrobiopterin (BH4) -a critical cofactor for eNOS, superoxide (O 2 -) production resulting in uncoupling of eNOS and phosphorylation/dephosphorylation of eNOS. CRP treatment significantly decreased levels of BH4 thereby promoting eNOS uncoupling. Pretreatment with sepiapterin, a BH4 precursor, prevented CRP-mediated effects on BH 4 levels, superoxide production as well as eNOS activity. The gene expression and enzymatic activity of GTPCH1, the first enzyme in the de novo biosynthesis of BH 4 , was significantly inhibited by CRP. Importantly, GTPCH1 is known to be regulated by cAMP mediated pathway. In the present study, CRP mediated inhibition of GTPCH1 activity was reversed by pretreatment with cAMP analogues. Furthermore, CRP-induced O 2 -production was reversed by pharmacologic inhibition and siRNAs to p47 phox and p22 phox. Additionally, CRP treatment significantly decreased the eNOS dimer:monomer ratio confirming CRP-mediated eNOS uncoupling. The pretreatment of cells with NO synthase inhibitor (N-nitro-L-arginine methyl ester [L-NAME]) also prevented CRP-mediated O 2 -production further strengthening CRP-mediated eNOS uncoupling. Additionally, CRP decreased eNOS phosphorylation at Ser1177 as well as increased phosphorylation at Thr495. CRP appears to mediate these effects through the Fcγ receptors, CD32 and CD64.
Introduction
Inflammation plays a critical role in atherogenesis. C-reactive protein (CRP) is a prototypic marker of inflammation, and has been shown in numerous prospective studies, to predict cardiovascular events (CVE) [1, 2] . While CRP is a risk marker, much data is evolving to suggest that CRP also promotes atherothrombosis [3] . To date, it has been shown that in monocytes, CRP induces the production of inflammatory cytokines, promotes monocyte chemotaxis, reactive oxygen species and tissue factor expression [4] . In endothelial cells, CRP increases the expression of cell adhesion molecules, monocyte-chemotactic protein-1 and endothelin-1, plasminogen activator inhibitor-1, inflammatory cytokines and decreases prostacyclin release as well as tissue plasminogen activator activity [5] . In addition, 2 groups [6, 7] have shown that CRP causes downregulation of endothelial nitric oxide synthase (eNOS) by decreasing eNOS activity and NO bioactivity. Also, three groups have independently shown that the human CRP transgenic (Tg) mice exhibit decreased eNOS activity in-vivo [8] [9] [10] corroborating the inverse correlation between CRP and endothelium vasoreactivity in human subjects [11] [12] [13] .
Endothelial NOS is subject to various forms of regulation including availability of cofactors (tetrahydrobiopterin [BH4] ) and substrates, subcellular localization, protein-protein interactions, and phosphorylation [14, 15] . Furthermore, reduced BH4 availability has been shown to lead to eNOS uncoupling resulting in the generation of superoxide instead of NO [14, 15] . The levels of BH4 are principally regulated through 2 distinct pathways [16] : a de novo synthetic pathway, in which GTP is a required precursor, and a salvage pathway. We also investigated the effect of CRP on the mRNA expression and activity of GTPCH1, the first enzyme in the de novo biosynthesis of BH4.
Impaired endothelium-derived NO bioactivity may also be due, in part, to generation of reactive oxygen species [17] , which can be produced by a variety of cellular enzymes, including NADPH oxidase, xanthine oxidase and mitochondrial respiratory chain enzymes. Importantly, the NADPH oxidases seem to be upstream of the activation of other ROS producing enzymes [17] . NADPH oxidase consists of several membrane-bound subunits and cytosolic subunits. On activation, some components are phosphorylated and translocated to the membrane and form the catalytically active oxidase. In this context, CRP has been shown to inhibit endothelium-dependent NO-mediated dilation in coronary arterioles by producing superoxide from NAD(P)H oxidase via p38 kinase activation [18] . Our group has previously shown that CRP induces the production of superoxide anion in HAECs [5] . Also, Kobayashi et al [19] reported that the incubation of cultured smooth muscle cells with CRP resulted in enhanced p22 phox protein expression and in the generation of intracellular ROS. Also, CRP colocalized with the p22 phox subunit of NADPH oxidase in vascular SMCs. Thus, it is plausible that CRP induced oxidative stress could lead to eNOS uncoupling in cultured ECs, although this has not been demonstrated experimentally.
Thus, it is evident that impaired endothelium-derived NO bioactivity is due to either the generation of reactive oxygen species [17] or decreased BH4 availability [15, 16] resulting in eNOS uncoupling. Since the mechanism by which CRP decreases eNOS in HAECs has not been elucidated, we explored these possibilities in CRP-mediated eNOS inhibition including BH4 availability, superoxide production, phosphorylation and dimerization of eNOS in HAECs.
Materials and Methods
CRP was purified from human ascitic/pleural fluids as described previously [20] . Recently we have shown that our in-house purified, dialyzed CRP inhibits eNOS activity in TLR4 knocked down cells providing further cogent data that CRP-mediated eNOS inhibition is not due to endotoxin contamination [21] .
Cell Culture and treatment
HAECs (Cambrex) were grown in endothelial medium containing growth supplements (EGM-MV) and used between passages 3-5. For the initial experiments, cells were grown in 12 well plates. Upon reaching 80% confluency, the cells were incubated with CRP (25 and 50 μg/ml) for 12 h. However, for all other experiments involving mechanistic insights, CRP at 25 μg/ml concentration was used.
eNOS mRNA expression, enzymatic activity and NO bioactivity eNOS mRNA expression was assessed as reported previously [6] using eNOS specific primers and using GAPDH as an internal control. The enzymatic activity was assessed by measuring the conversion of 14 C-L-arginine to 14 C-L-citrulline for 60 min in HAEC lysates as reported previously [6] . NO bioactivity was assayed by measuring secreted cyclic GMP levels as reported previously [6] . The precision of NOS activity and cGMP assays was good (coefficient of variation <5%).
Assay of eNOS Dimer/monomer
eNOS dimer (active state) and monomer (inactive state) forms were assayed using low temperature SDS-PAGE run at 70 V on 6% mini-gels using non-boiled cell lysates and reducing sample buffer as described [22] .
CRP, BH 4 levels and eNOS uncoupling
eNOS uncoupling has been linked to reduced tetrahydrobiopterin (BH 4 ) availability [23, 24] , thus we tested the hypothesis that CRP-mediated eNOS uncoupling is due to decreased intracellular BH4 levels. The cells were grown in 10 cm dishes and treated with CRP (25 μg/ ml) for 12 hrs. To investigate if BH 4 supplementation through the salvage pathway [16] prevents the CRP-mediated effect, the cells were treated with or without sepiapterin (a BH4 precursor-100 μM-Sigma) 1 hr prior to CRP treatment. At the end of incubation, the cells were washed twice with cold PBS. The cells were scraped in PBS-EDTA (2.5 mM) and centrifuged at 10,000 rpm for 5 min at 4°C. The pellets were immediately frozen in liquid nitrogen. BH4 quantification was performed by HPLC with electrochemical detection (EC-HPLC) as previously described [14] . Intracellular concentrations were calculated using authentic BH4 (10-100 nM) as standards and normalized to protein content. Also, eNOS activity as well as cGMP release was examined as described previously [6] .
GTP Cyclohydrolase 1 mRNA Expression and Activity
BH4 is synthesized from guanosine-triphosphate (GTP) via de novo pathway by GTP cyclohydrolase I (GTPCH1) enzyme which is the first enzyme in this biosynthetic pathway. Thus, we also examined the effect of CRP on GTPCH1 gene expression and its activity in HAECs. The cells were treated with CRP for 12 hrs in serum free medium. At the end of the treatment, GTPCH1 mRNA expression was assessed by RT-PCR using GTPCH1 specific primers (Integrated DNA Technology) (forward: 5' -GCC ATG CAG TTC TTC ACC AA-3' and reverse: 5'-AGG CTT CCG TGA TTG CTA CA -3') and using GAPDH as an internal control as used previously [6] . For GTHPCH1 activity measurement, the cells were harvested with PBS-EDTA (2.5 mM) and the pellets were stored in -80°C until analysis. GTPCH1 activity was assayed [25] based on the quantitation of neopterin [D-erythro-neopterin] by ELISA (Alpco) after conversion of enzymatically formed D-erythro-7,8-dihydroneopterin triphosphate into D-erythroneopterin at 37°C for 60 minutes followed by sequential reaction of iodine oxidation and dephoshorylation. Intra-and inter-assay CV for neopterin measurement was <10%.
CRP and the involvement of cAMP-mediated pathway in GTPCH1 and eNOS inhibition
Since GTPCH1 activity is known to be regulated by cAMP-mediated pathway [26] , we first explored the involvement of this pathway in CRP-mediated GTPCH1 activity inhibition. The cells were treated with two different cAMP analogues (Calbiochem), Br-cAMP and db-cAMP (0.5 mM each separately) 1 hr prior to CRP treatment followed by the measurement of GTPCH1 activity. We also measured the effect of CRP treatment in HAECs pretreated with or without cAMP analogues on eNOS activity and bioactivity as described above.
Cell Transfections
HAECs at 70% confluency were transfected with siRNA (Ambion) for p47 phox, p22 phox or control using siPORTAmine transfection reagent (Ambion) as described previously [5] . Transfection efficiency was ~ 70% as determined by RT-PCR for p47phox and western blotting for p22 phox. 48 hours after transfection, the cells were treated with CRP (25 μg/ml). The cells and supernatants were collected and stored at -80°C until analysis for citrulline and cGMP measurement respectively.
Measurement of O 2 -production
HAECs were treated with CRP (25 μg/ml) in phenol red free endothelial medium for 6 hrs. In the last hour of incubation, O 2 -production was measured by the superoxide dismutase (SOD)-inhibitable reduction of acetylated ferricytochrome C (Sigma) as reported previously [27] with or without SOD (100μg/ml). Results were expressed as nmoles/min/mg protein. Since NADPH oxidase is reported to be upstream of the activation of other ROS producing enzymes, we first explored its role in CRP-induced superoxide production using two strategies: pharmacologic inhibition (by using DPI-a common NADPH oxidase inhibitor) as well as RNA interference (by using siRNA to p47 phox subunit and p22 phox). Since NADPH oxidase is known to be regulated upstream by PKC pathway, we also tested the effect of various PKC inhibitors (bisindoylmaleimide, chelerythrin and Calphostin C [10 uM each] on CRP-mediated superoxide release. Furthermore, allopurinol (10μM) as an inhibitor to xanthine oxidase (XO) [18] and various inhibitors to mitochondrial respiratory chain enzymes (100uM AOAC, 5uM rotenone, 10uM TTFA, 5uM HOCA) [27] were used to determine the role of XO and enzymes of the mitochondrial respiratory chain respectively in superoxide generation in HAECs. Furthermore, it has been reported that eNOS itself synthesizes O 2 -instead of NO [28] . Thus, we used NO synthase inhibitor (L-NAME-1mM) as described [28] prior to CRP treatment to examine if eNOS contributes to CRP-induced superoxide production. In all experiments, cells were treated with various inhibitors 1 hr prior to CRP treatment. In addition, we tested the effect of sepiapterin (100 uM) in CRP-mediated O 2 -production to further explore if superoxide production was as a result of BH4 depletion in HAECs. Furthermore, we also tested intracellular superoxide using dihydroethidium (DHE) fluorescence. The cells following CRP treatment were incubated with DHE (2uM) for 30 min followed by observation under fluorescence microscope.
CRP-mediated eNOS downregulation via eNOS uncoupling
In separate experiments, we explored the role of CRP-induced oxidative stress leading to eNOS uncoupling. We again tested the effect of NADPH oxidase inhibition using strategies as mentioned above (pharmacologic as well as siRNA interference of p47 phox) on CRP-mediated eNOS downregulation. Also, the inhibition of xanthine oxidase, mitochondrial respiratory chain enzymes, and pretreatment with sepiapterin was tested on CRP-mediated eNOS downregulation. Since the depletion of L-Arg due to enhanced arginase activity can contribute to endothelial dysfunction, we also tested the effect of arginase inhibitor [29 (BEC-5 uM) on CRP-mediated eNOS inhibition.
Phosphorylation studies, imunoprecipitation and western blot
HAECs were stimulated with VEGF (100 ng/ml) for 0-15 minutes after CRP treatment (0 and 25 ug/ml) for 12 hrs. The cells were lysed in ice cold lysis buffer (Cell Signaling Technology) containing 1% Triton X-100, 25 mM sodium deoxycholate, 150mM NaCl, 20mM Tris, pH 7.4, 1mM EDTA, 200 μM sodium orthovanadate, 2.5mM sodium pyrophosphate, 1mM NaF, 1mM phenylmethysulfonyl fluoride, and 2.5% protease inhibitor cocktail. The cell suspensions were sonicated and centrifuged at 10,000 g for 10 min/4°C. Supernatant protein was quantitated. eNOS was immunoprecipitated after preclearing of the cell lysates with a mixture of Protein A/G Sepharose 4B (Sigma Chem Co). Proteins in the immunoprecipitate were heated with SDS-PAGE sample buffer and electrophoresis was carried out as described earlier [5] . Membranes were blocked with 5% milk and then incubated with anti-eNOS, anti-phosphoSer1177, anti-phospho-Thr 495 in 5% BSA/TBS. After washing and incubating with specific HRP-conjugated secondary antibodies, the membranes were developed with enhanced chemiluminescence (ECL-Amersham-Pharmacia). To reprobe western blots with alternative primary antibodies, nitrocellulose membrane was incubated with stripping buffer (Roche). After extensive washing, the membranes were again incubated in blocking buffer and subsequently with the primary antibody. In separate experiments, we also performed western blotting to examine if CRP treatment results in p22phox upregulation and also to subsequently confirm transfection efficiency.
CRP and the role of Fcγ Receptors in eNOS downregulation
We have previously shown that CRP mediates its effects in HAECs via Fcγ RI (CD64) and Fcγ RII (CD32) for stimulation and inhibition of IL-8 and prostacyclin release respectively [30] . We also showed that piceatannol (syk kinase inhibitor) could reverse these effects suggesting the involvement of Fcγ RIIa mediated signaling [30] . Thus, in the current study, we explored the role of specific Fcγ R type by treatment of cells with 10 ug/ml of specific Abs separately for 1 hour prior to CRP treatment. We also tested whether the inhibitory effects of CRP can be blocked using piceatannol (50 μM for 1 hour).
Statistical analysis
All experiments were performed at least three times in duplicate. Experimental results are presented as the means ± SEM. Paired t tests were used to compute differences in the variables, and the level of significance was set at P<0.05.
Results
Incubation of HAECs with CRP (0 to 50 μg/mL) for 12 hours resulted in significant inhibition of eNOS mRNA as reported by us previously [6] (Fig 1a) . Furthermore, a significant decrease in citrulline production as well as cGMP release (P<0.05 at doses ≥ 25 μg/mL; Figure 1 b & c respectively) was also observed.
The coupling/uncoupling of eNOS activity is reported to be regulated by BH4 availability [23, 24] . CRP treatment resulted in a significant decrease in intracellular BH4 levels (reduced form) as compared to control cells (Fig 2a) . Furthermore, sepiapterin (a BH4 precursor) treatment prevented the decrease in BH4 levels (Fig 2 b) as well as reversal of eNOS inhibition (Fig 2 c & d) .
GTPCH1 is the first enzyme in the de novo biosynthesis of BH4. CRP treatment of HAECs resulted in significant inhibition of GTPCH1 mRNA expression (Fig 3a) and activity (Fig 3b) .
Thus, our results demonstrate that CRP downregulates GTPCH1 gene expression and its enzymatic activity resulting in decreased BH4 levels. GTPCH1 activity is regulated by cAMP mediated pathway [26] . In the present study, Br-cAMP or Db-cAMP pretreatment to cells led to significant reversal of CRP-mediated inhibition of GTPCH1 activity (Fig 3c) . Furthermore, eNOS dysfunction has been reported to be attenuated via cAMP/PKA pathway activation [31, 32] . The pretreatment of HAECs with cAMP analogues led to significant reversal of CRP-mediated eNOS inhibition (Fig 3d and e) in the present study.
We also investigated whether eNOS dimerization was altered by CRP treatment. The ratio of eNOS dimers to monomers was significantly lower (n=5, p<0.02) in CRP treated cells as compared to control supporting eNOS uncoupling (Fig 4) .
Since increased superoxide production could result in a decrease in eNOS activity, we explored the specific enzymatic source for CRP-mediated superoxide generation in HAECs. As shown in Fig 5a, there was significant inhibition of CRP-induced superoxide production by pharmacologic inhibition of NADPH oxidase as well as siRNA to p47 phox and not control siRNA. We also demonstrate CRP-mediated upregulation of p22 phox protein (Fig 5b) as well as significant inhibition of superoxide release by using siRNA to p22 phox (Fig 5c) . Furthermore, the pretreatment with PKC inhibitors resulted in attenuation of CRP-mediated superoxide release (Fig 5d) . As shown in Fig 5e , CRP treated cells demonstrated increased DHE fluorescence which was abrogated by siRNA to p47 and p22 phox. However, XO inhibition had no effect on CRP-mediated superoxide generation in HAECs (Control: 0.06 ± 0.02; CRP: 0.13 ± 0.03; CRP + Allopurinol {10μM}: 0.11±0.04 [nmol/min/mg protein; p<0.05, control vs. CRP and p>0.05, CRP vs. CRP + Allopurinol]). Additionally, inhibition of mitochondrial respiratory enzymes had no effect on CRP-mediated superoxide generation (data not shown). Also, pretreatment with L-NAME significantly reversed CRP mediated superoxide production (Control: 0.04±0.01; CRP: 0.15±0.03; CRP+L-NAME: 0.06±0.03 [p<0.05 for control vs. CRP and for CRP vs. CRP+NAME]). In addition, sepiapterin pretreatment of HAECs 1 hr prior to CRP exposure led to significant inhibition of superoxide production (C 0.09±0.02, CRP: 0.21±0.06, Sepiapterin + CRP: 0.13 ±0.05; p <0.05-C vs. CRP and for CRP vs. sepiapterin + CRP). We demonstrate in the present study that the use of NADPH oxidase inhibitors as well as siRNA to p47 phox and not control siRNA reversed CRP-mediated inhibition of eNOS (Fig 5e) . However, use of inhibitors to xanthine oxidase, arginase and mitochondrial respiratory chain enzymes did not result in attenuation of CRP-mediated eNOS inhibition (Table 1) . Thus, NADPH oxidase seems to be involved in CRP-mediated eNOS inhibition.
To determine whether CRP treatment results in alteration of VEGF-induced phosphorylation at Ser1177 and dephosphorylation at Thr495, we performed immunoprecipitation of cell lysates of CRP treated and control cells with eNOS Ab. An increase in Ser1177 phosphorylation and a decrease in Thr 495 phosphorylation occurred in control cells but not in CRP-treated cells (Fig 6a & b [i and ii] ). Under these conditions, eNOS abundance was found to be same in both control and CRP treated cells (Fig 6a) at the time point tested in the present study.
CRP-mediated effects in HAECs have been reportedly shown to occur via Fc γ Rs [30] . The use of antibodies to CD32 and CD64, but not CD16 or isotype control, significantly reversed CRP mediated eNOS downregulation (Fig 7a and b) as well as GTPCH1 activity (Fig 7c) . Furthermore, we also show that piceatannol, syk kinase inhibitor, could significantly reverse CRP-mediated effects on both of the above reported events i.e GTPCH1 activity (Fig 7c) as well as eNOS inhibition (cGMP [fmol/mg protein]: C -258 ± 45, CRP-114± 39, CRP +Piceatannol-229 ± 59, p<0.05 C vs CRP and for CRP vs CRP+Piceatannol; citrulline release [pmol/mg protein]:C-423 ± 65, CRP-158± 78, CRP+Piceatannol-387± 78, p<0.05 C vs CRP and for CRP vs CRP+Piceatannol).
Discussion
CRP levels are correlated with increased risk for CVD [1, 2] and with endothelial dysfunction [6, 7] related to reduced NO bioavailability. Previously, we and others [6, 7] have shown that CRP causes downregulation of eNOS in human ECs. Additionally, three groups have independently shown in vivo that human CRP Tg mice exhibit decreased eNOS activity [8] [9] [10] . Importantly, Grad et al [9] reported significantly decreased mRNA and protein expression of eNOS following vascular injury in human CRP Tg mice. CRP has also been shown to induce hypertension in CF1 Tg mice expressing rabbit CRP (CF1-CRP) attributable to CRP-induced decline in bioavailable NO [33] . However, the molecular mechanisms for the inhibition of eNOS by CRP have not been elucidated.
In the present study, CRP exerted its inhibitory effect at concentrations of 12.5-50 ug/ml. CRP levels of 25 and 50 ug/ml have been reported in patients with acute coronary syndromes [34, 35] . Thus, the levels of CRP used in this study can clearly be attained in patients.
Endothelial dysfunction has been linked to reduced BH4 availability and uncoupling of eNOS [15, 36, 37] . Various clinical studies have also demonstrated that administration of BH4 improves endothelial dysfunction in conditions characterized by reduced availability of NO and increased production of reactive oxygen species, such as hypercholesterolemia [38] , coronary artery disease [24] and smoking [39] . BH4 is synthesized through 2 distinct pathways [16] . One is the de novo synthetic pathway in which the precursor GTP is catalyzed by GTPCH1, the first enzyme in this biosynthetic pathway, to dihydroneopterin triphosphate, whereby BH4 is then generated by further steps involving 6-pyruvoltetrahydropterin synthase (PTPS) and sepiapterin reductase. Recently, reduced expression and activity of GTPCH1 has been shown in coronary endothelial cells of diabetic rats and aortae of insulin-resistant rats, resulting in diminished BH4 levels [40, 41] . In this context, Cai et al [40] have reported that GTPCH1 gene transfer augments intracellular BH4 as well as eNOS activity in human endothelial cells. Based on these findings, GTPCH1 is reported to be a potential and rational target to augment endothelial BH4 in reversing eNOS activity in endothelial dysfunctional states. Recently, Takaya et al [42] showed that augmenting BH4 levels in the endothelium by GTPCH1 overexpression reduces atherosclerosis in apoE KO/eNOS Tg mice and is associated with a reduction in O 2 -from uncoupled eNOS. In the present study, we focused on the effects of CRP on intracellular BH4 levels. We demonstrate that CRP significantly decreased BH4 levels. GTPCH1 is the first enzyme in BH4 biosynthetic pathway. We show for the first time that CRP inhibits GTPCH1 enzyme activity explaining the deficiency of BH4 induced by CRP. Importantly, supplementation of ECs with sepiapterin, BH4 precursor, in the present study resulted not only in normalization of CRP-mediated decrease in BH4 levels but also reversal of superoxide production as well as eNOS inhibition. Thus, we conclude that BH4 supplementation may restore eNOS activity in CRP treated HAECs.
Furthermore, GTPCH1 enzyme has been reported to be regulated by cAMP-mediated pathway [26] . In this context, cell permeable analogue of cAMP, 8 Br-cAMP, which activates protein kinase A has been shown not only to result in restoration of GTPCH1 activity [26] , but also attenuation of eNOS dysfunction [31, 32] . Importantly, Hashimoto et al [43] reported the activation of eNOS by cilostazol via a cAMP/PKA and PI3K/Akt dependent mechanism. We have reported [30] previously that CRP treatment significantly inhibits cAMP levels in humanmonocytes derived macrophages resulting in their pro-inflammatory phenotype. Notably, we reveal here significant reversal of CRP-mediated GTPCH1 activity as well as eNOS downregulation by using cAMP analogues.
Dimerization is an absolute requirement for eNOS catalytic activity [22, 40] . Structural studies suggest a role for BH4 in NOS dimerization based on purified recombinant proteins in reconstituted cell-free systems [22] . In the current study, we found that CRP decreased the eNOS dimer/monomer ratio further supporting eNOS uncoupling.
A growing body of evidence suggests a pivotal role of the NADPH oxidase in vascular oxidant stress resulting in eNOS uncoupling [17] . Our group has previously reported that CRP induces the production of superoxide anion in HAECs [5] . The different sources of ROS in vascular cells are NADPH oxidase, mitochondrial respiratory chain enzymes, xanthine oxidase and uncoupled eNOS [17] . Qamirani et al [18] reported that CRP treatment to coronary arterioles in-vitro inhibits endothelium dependent NO-mediated dilatation by activating p38 kinase and NADPH oxidase. Furthermore, Kobayashi et al [19] reported the colocalization of CRP with p22 phox subunit of NADPH oxidase in VSMCs. These authors also reported that CRP directly enhanced the expression of NADPH oxidase p22 phox protein as well as the generation of ROS in cultured human coronary artery SMCs. All these studies suggest that CRP induces oxidative stress via NADPH oxidase. Hence, we examined the involvement of different sources of ROS in CRP-induced superoxide production in HAECs. Neither the inhibition of mitochondrial respiratory chain enzymes nor xanthine oxidase attenuated CRP-mediated O 2 -production. However, NADPH oxidase inhibitors as well as siRNA to p47 phox as well as p22 phox attenuated CRP-induced O 2 -production. Importantly, the PKC pathway is involved in activation of NADPH oxidase via phosphorylation of p47 phox [17] . Hence, we further explored the role of PKC pathway in CRP mediated superoxide release. PKC inhibition significantly inhibited CRP-mediated superoxide release. Overall, our findings suggest that the PKC pathway is involved in CRP-induced activation of NADPH oxidase resulting in superoxide production. Furthermore, CRP-mediated eNOS downregulation was attenuated via inhibition of NADPH oxidase, but not XO or mitochondrial respiratory chain enzymes. Overall, it implies that CRP promotes ROS via NADPH oxidase activation resulting in uncoupling of eNOS. Our results are supported by recently published report by Xu et al [44] demonstrating that NADPH oxidase plays a very important role in eNOS uncoupling mediated by hypochlorous acid (HOCl), the major oxidant of leukocyte-derived myeloperoxidase (MPO). Additionally, L-NAME (a non selective NOS inhibitor) resulted in significant inhibition of CRP-induced superoxide production further supporting eNOS uncoupling [28] .
Also, emerging evidence demonstrates that arginase competes with NOS for the substrate Larginine. Arginase is reported to reciprocally regulate NOS [29] by modulating L-arginine bioavailability. Arginase upregulation is reported to contribute to impaired NO signaling as a result of aging [45] as well as following treatment of ECs to Ox-LDL [29] and is suggested to be a therapeutic target. However, arginase inhibition failed to affect CRP-mediated eNOS inhibition, excluding arginase upregulation in the present study.
The activity of eNOS can be regulated by changes in its phosphorylation at serine residue (ser1177) in the reductase domain and threonine residue (Thr495) in the CaM binding domain. Phosphorylation at Ser1177 and dephosphorylation at Thr495 of eNOS leads to enhanced activity of the enzyme, and thus augmented NO production [31, 46] . In the present study, we show that CRP causes potent antagonism of eNOS activation by VEGF resulting in decrease in eNOS phosphorylation at Ser1177 and increased phosphorylation at Thr 495. Our results are supported by a previously published study [8] that showed CRP-mediated eNOS inhibition is attributable to blunted eNOS phosphorylation at Ser1179 in response to activation with diverse agonists (VEGF, HDL and insulin) in bovine aortic ECs.
The known actions of CRP are mediated by FcγRs, with FcγRI (CD64) and II (CD32) but not III (CD16), acting as the principal receptor pathway in mediating CRP's effects in HAECs. Our group has previously shown that CRP-mediated increase and decrease in IL-8 and prostacyclin respectively occurs via Fcγ receptors I and II [30] . Piceatannol (syk kinase inhibitor) could also reverse these effects suggesting the involvement of FcγRIIa mediated signaling [30] . Recently, Mineo et al [8] reported CRP-mediated eNOS downregulation to be via FcγRIIb in COS-7 cells transfected with Fcγ RIIb cDNA. Furthermore, these authors also reported CRP-mediated blunting of acetylcholine-induced increase in carotid artery vascular conductance in Fcγ IIb+/+ mice. However, these authors failed to show the mRNA expression of Fcγ RIIa in HAECs. In the present study, we report the involvement of both CD32 and CD64 in mediating CRP's effects since CRP mediated eNOS downregulation as well as GTPCH1 activity was significantly inhibited by pretreatment with the Abs to CD32 and CD64. Also, we tested whether the reported biological effects of CRP can be blocked using piceatannol because signaling through Fc γreceptors requires activation of Syk kinase [47] . The Syk inhibitor was able to significantly reverse the inhibitory effect of CRP on the activity of eNOS as well as GTPCH1. Thus, we again demonstrate that CRP mediates its multiple pro-inflammatory effects including eNOS inhibition via uptake through the Fc γRs in HAECs.
Since the major focus of our study was to elucidate the molecular mechanism of eNOS inhibition, we confirmed our findings in HAECs in vitro. However, studies directed at confirming our findings in-vivo in a rat model are underway.
In the present study, there are three major new findings as depicted in schema (Fig 8) : CRP decreases BH 4 levels due to inhibition of GTPCH1 resulting in uncoupling of eNOS; CRP causes the activation of NADPH oxidase resulting in eNOS uncoupling by altering eNOS dimerization; CRP treatment blunts agonist (VEGF) induced eNOS phosphorylation at Ser1177 and dephosphorylation at Thr495. Thus, given the importance of CRP-induced prooxidative effects and resultant eNOS inhibition, CRP appears to be a key molecule to accentuate endothelial dysfunction. To conclude, strategies aimed at decreasing CRP [48] may prove to be beneficial in preventing endothelial dysfunction and reducing atherosclerosis related events.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Effect of CRP on eNOS mRNA expression (a), NOS activity (b), and cGMP release (c). HAECs were incubated with CRP (0, 25 and 50 μg/ml) for 12 h. RT-PCR (a) for eNOS mRNA or GAPDH mRNA (as loading control) was performed as described under Methods. 1-C, 2-CRP 25ug/ml, 3-CRP50 ug/ml. The determination of NOS activity (b) and cGMP levels (c) was done as described under Methods.*p<0.05 as compared to control. Data are mean +SEM of 5-7 experiments in duplicate. Effect of CRP on eNOS dimer and monomer forms. HAECs were treated with CRP for 12 hrs as reported in methods. The lysates were run on low temperature SDS-PAGE at 70 V on 6% mini-gels. The proteins were transferred on PVDF membrane and blotted for eNOS forms using rabbit anti-human eNOS Ab (1:1000) and anti-rabbit IgG (1:2000) . Actin was used as house keeping gene. The upper panel shows the blot which is representative of 5 different experiments. The lower panel shows the densitometric ratio of eNOS dimer:monomer. * p<0.02 compared to control. The cell lysates were immunoprecipitated for eNOS and subjected to SDS-PAGE and blotted using specific Abs as described in methods section. bi & ii) Phosphorylation was quantified densitometrically as the ratio of phospho-eNOS/eNOS for blot in Fig 6a. Results are presented as mean ± SEM of 3 different experiments. *p<0.05 as compared to control. Effect of Fc γ R neutralizing antibodies on CRP-mediated eNOS inhibition. HAECs were incubated with respective antibodies for 1 hour prior to CRP treatment as described in methods Hypothetical schema illustrating the possibility of divergent effects for CRP-mediated eNOS inhibition. CRP uncouples eNOS via 2 different ways: stimulation of NADPH oxidase leading to generation of oxidative stress which causes the formation of superoxide rather than NO from eNOS; CRP also inhibits GTPCH1, the rate limiting enzyme for de novo synthesis of BH4, resulting in decreased BH4 levels. The uncoupled eNOS (as evidenced by decreased dimer:monomer ratio) results in altered phosphorylation of Ser1177 and Thr 495 finally leading to decreased functional activity of eNOS.
